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s (54) Title: MOLECULAR MEMORY DEVICE 





(57) Abstract: A novel memory cell is provided with an active 
region including a molecular system and ionic complexes dis- 
tributed in the molecular system. A pair of write electrodes are 
arranged for writing information to the memory cell. The active 
region is responsive to an electric field applied between the pair 
of write electrodes for switching between an on state and an off 
state. The active region has a high impedance in the off and a 
low impedance in the on state. A pair of read electrodes is used 
to detect whether the active region is in the on state or in the off 
state to read the infonnadon from the memoiy cell. Read elec- 
trodes may be made of different materials having different woiic 
functions to reduce leakage current 
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MOLECULAR MEMORY DEVICE 

Related Applications 

This application contains subject matter related to the subject matter 
disclosed in copending U.S. Provisional Patent Application Serial No. 
60/289,056, filed on May 7, 2001, entitled "ElectricaDy Addressable Memory 
5 Switch With Built-in Leakage Current Barrier". 

Field of the hvention 

The invention relates to a memory device, and more particularly to a 
memory device including a molecular system with ionic complexes distributed in 
the system. 

10 Background of the Invention 

Various types of electrically addressable memory devices for computer 
. data storage are known in the art. Most of these devices store a data bit as a 
charge in a capacitor. The charge state can be read out and the output signal used 
to control processes in a computer processor. Most of these devices require 
15 complex silicon processing steps and a dedicated device architecture which 
depends on memory type. 

Memory devices are distinguished by their speed and data retention 
characteristic. Dynamic random access memory (DRAM) is a volatile memory 
characterized by a destructive read. This means that it is necessary to siq[)ply 
20 voltage to the memory bits at all times, or the ioformation will disappear. 
Furthermore, each memory element has associated with it a transistor. Static 
random access memory (SRAM) stores data in a bistable flip-flop, commonly 
consisting of cross-coupled inverters. It is called "static" because it will retain a 
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value as long as power is supplied. It is still volatile i e it will i 

when tbe power is switched off • ^ "^^^ 

t~wa 1!. swiicned off, in contrast to ROM <5PAiVir;-. i. * 
DRAM, but each bit r.^ • ^RAM is usuaHy fester than 

7^ several transistors (about six) so that « i 

number of bits of <;PAA>r«*- »x;, so that a lesser 

rflort..-) MOS te^! ' '^"^ » "n isolated 

aid Iks deme ttan RAM r. i "'"•^OMismOTKqKaBive 

i^quinadedicMedliaBiste. ™" «<m«e cells do nM 

»™y, leakage o»m»,p„M^^ Ul™. Jb. ^ 
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an electrical field across the device with a predetennined polarity and magnitude 
for a predetennined time. 

It would therefore be desirable to provide a device that has a built-in 
barrier that reduces leakage currents. 

5 Summary of the luvehtion 

The present invention provides a novel memory cell comprising an active 
region including a molecular system. Ionic complexes may be distributed in the 
molecular system. At least one write electrode applies an electric field to the 
active region to write information to the active region, and at least one read 

10 electrode is provided for reading the iafonnation fi-om the active region. 

In accordance with an aspect of the invention, the memory cell may 
includes a pair of write electrodes for writing information to the memory cell, and 
the active region responsive to an electric field applied betvsrem the first and 
second write electrodes for switching between an on state and an off state. A pair 

IS of read electrodes detect whether the active region is in the on state or in the off 
state to read the information fi^om the memory cell. 

In accordance with another aspect of the invention, a memory device 
includes a memory cell array composed of multiple memory cells arranged in row 
and column directions. Each memory cell comprises an active region including a 

20 molecular system and ionic complexes distributed in the molecular system, first 
and second write electrodes for applying an electric field to the active region, to 
write information to flie memory cell, and first and second read electrodes for 
detecting electrical conductivity of the active region, to read the information fit>m 
the memory celL 

25 hi accordance with another aspect of the invmtion, a memory cell in a 

memory device including a memory cell array composed of multiple memory 
cells arranged in row and column directions, comprises first and second barrier 
elements arranged in contact with the active region to reduce leakage current 
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element may be made of material , «ic msi oamer 

function fl "'^^^'^^^^^^^"'•^tioQ different fiom a 

^on of the second banier element. For examnle th. fi^ . • 
oi--. . , ™^P^^» ™e first and second barrier 

resistant Of . ^ ^. „^ 

Briefr)ni!nrip«„. -f,,,^ n|iin(|i|ii| 

Figs. la-Id show a simpKfied strachn* «f , , , 



20 



ry device. The present mvention overcomes these p^blems in part. 
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by the provision of write and read electrodes adjacent an active region made of a 
molecular ensemble that exhibits a reproducible switching and memory effect 
applicable in macroscopic devices. The material of the active region is a 
composite material system that exhibits structural electronic instability in one 
5 dimension and enables static and dynamic control over the conductivity of such 
molecular systems. The mechanism for the memory and switching effect of fliese 
cells appears to be related to the structural electronic instability of one- 
dimensional molecular systems and associated with the dissociation of molecules 
and/or displacement of atoms in an external electrical field. 

10 The development of molecular electronics stimulated the more detailed 

research of electrophysical characteristics of thin molecular films which oflfer new 
physical effects that may result in new technologies for electrical switching and 
memory applications. Although first reported in the 1960's, a generally accepted 
interpretation of such phenomena is still lacking. This is partly ...due to the non- 

15 reproducibility of the results, even when using identical compounds. 

A number of different materials may be used as the molecular composite 
material. Exemplary materials are described below, but are also discussed in an 
article by Yu H. Krieger, entitled, "Structural Instability of One-Dimensional 
Systems As A Physical Principle Underlying The Functioning of Molecular 

20 Electronic Devices", Journal of Structural Chemistry, Vol. 40, No. 4, 1999 (Yu H. 
Krieger), expressly incorporated by ref^ence herein. 

Many molecular memory cells can be made of a one-dimensional 
conductive molecular systems exhibiting structural instability. (Peierls-effect). 
These tend to have an S-shaped (reentrant) voltage-current characteristic with 

25 memory. The impedance of such memory cells can be between —1 0 MQ and --1 00 
Q, depending on the switching conditioiL 

There are two predominant types of structural organization of such 
systems. First, these are strands of linear conjugated polymers, whidi are weaUy 
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bonded to each other and whose mutual anangemaat is generally pooriy 
organized. Second, these are crystal structures, where the individual molecules 
form one-dimemional columns and interact with each other much mwe actively 
than molecules from different columns do. Recently, molecular systems of bofli 
5 types woie synthesized. 

Polyconjugated systems primarily involve polyvinylaies, i.e., polymers 
with an acyclic conjugation system, in which the onfr^ensional character of 
structure is dictated by the mechanism of conjugation in linear macromolecules. 
Polyacetylene is a classical representative of tins class of polymers, tts electronic 
10 structure is a prototype for many other conjugated polymeis. 

Another wide class of molecular compounds fiamed from aromatic and 
heterocycUc molecules which possess high electric conductivity due to 7i-bonds 
betweai molecules. Such molecular systems are called n-complexes or charge 
transfer canq)lexes, with those systems whose structure involves isolated one- 

15 dimensional columns or strands possessing pronounced electro-physical 
properties of interest for switching an memory applications. Molecular charge 
transfer conqilexes are donor-accq)tor systems formed from two molecules: one 
possessing donor and another acceptor properties. Among the well-defined 
complexes with a one-dimensional structure, tetra-cyano-quino-dimethane 

20 (TCNQ) are planar molecules with unsaturated bonds, airanged in a crystal as 
parallel stacks forming a quasi-one-dimensional system. 

In another class of one-dimensional systems, flie cations arc dynamically 
disordered. It involves molecular con^^pounds having the general foimula 
(TMTSFhX. Transition metal satts of K2 Pt(CN)4 Brojx 3H2O (KCP) type are 
25 also the typical representatives of mixed-valence quasi-one-dunensional 
complexes, as are phthalocyanines and porphyrins. Moreover, pure inorganic 
compounds, such as NbSes, are also interesting examples of confounds with 
quasi-one-dimensional structure. 
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An exemplary molecular composite that foims part of a simplified 
molecular memory cell (MC) is shown in Figs, la - Id. The molecular composite 
includes a quasi-one-dimensional - or at least structurally and electrically 
anisotropic - molecular matrix, wherein ionic complexes are distributed in the 

S matrix. Folyconjugated compounds, such as the exemplaiy quasi-one-dimensional 
systems described above, for example, polyphenylacetylene, can be used as the 
anisotropic molecular matrix. The ionic complex can be a salt, such as sodium 
chloride (NaCl), cesium chloride (CsCl), or any other material fliat can dissociate 
in an applied electric field. The exemplary anisotropic molecular matrix is 

10 dq)icted in Figs. la-Id as consisting of an assembly of chain-like molecules 
oriented perpendicular to the electrode surfaces. However, other orientations of 
those molecules or of anisotropic "channels" are possible as long as a charge 
separation of the type depicted in Figs. 1 a-ld is enabled. 

While not being bound by theory, the following is currently believed by 
15 the inventors to describe the mechanism for the conductivity change of the 
molecular composite material. Electric switching in the molecular thin fifaiis 
depicted in Figs. la-Id is characterized by tiie existence of two stable states, a 
high impedance state (off state) and a low impedance state (on state). The 
impedance of this off state is usually more than -10 Mft. Switching from the to 
20 the on state occurs when an applied electric field exceeds a threshold value. The 
imp^ance of this on state is less than ~100 Q. A transition from on state back to 
the off state takes place when the polarity of the electric field is reversed. 

Two modes of the memory cell operation can be identified: the metastable 
mode (Fig.lb) and stable mode (Fig.lc). The stable mode of the memory cell 
25 operation may be characterized by a high threshold voltage level for switching 
between the off state and the on state (in the range of about 3-lOV), low 
impedance of the on state (less than 100 Q), long switching time (1 ms and more) 
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and long Ome (bk^ ton .wo r^y Soa. «lb exhibit 

Conve^ely, .he n>«aaable mode of to n,e„,o^ .eD fbncSoi, is 
*"««ri-dbyalowfl^MvoIageIevelfe™i«,gb«„«„a„„ff^ 
and fa on aa,e (in to range of abo« 0.1-0^ hi* i^.^ of to on «te 
(w,de region, about IkQ - .MO). *„„ switching tin» (te, th», 1^,. a^ short 
aoiage time (between abontlOs and sevena bonis). 

Kg. la illnstnto to off state, where to electrical condtrfvity is 

~X»™.aasmning to. to aoisolropic molecular mattixitsetf is. good 
10 ^'^^- i-lato.men^.ext^nald.otricaeldEis^^^ 

Hg. lb. to sodhnn s* dissociates into sodium and chlorine ions, and to ions are 
d^phced liom fteir otiginal P^on in to anisotropic molecular matrix 

'aa.ang m increase m to elecWoal co^tacririty of to MC (on state) to to 

™^>»=^l^<W«inc,easeofto.,ectric,ieId.the,onsb^^^ 
stron^y sepa,^ (Fi^ 3^^^ ^ ^ ^ ^ 

cond-tivity of to MC, which aWns to above-described stable state. When . 
v«y hng. field is applied „« , lo„g ^me. to anions and cadons «xmn„lat. at 
the deetrod^, (Fig. Id), resulting m a sharp decrease h, to el««cal conductivity 
of toMC dne to to absence of mobUe charges C'ofl" state). 
20 Refeniug ^ ^ Fig. 2. a four-temrimU m«no,y cdl 20 ««,rfi.g to an 
embodiment of to p^ mvenrion mchde. a. upp<r write el«*ode A. an 
npp«r read electrode B insulated 6om to upper write el«*ode A by an insulator 
>. a lower read eleorode C, a lower write dect^de D, a. insnh«or 2 disposed of 
"'"»«'k"»w«-dele«rodeCandtok««writedec..od.D*,insul«ion 
25 TOandanactivelaye,22m«ieofeon^m«aiald.«:nl«dah.,ewith 
r^ence to Pig. ,. For example to active layer 22 may be provided in cont«. 

with each of to lower and npperiead electrodes B and C 
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When an electric field is applied between the write electrodes A and D> the 
ionic NaCl complex dissociates into Na^ and CI* ions. If the potential at the 
electrode A is positive with respect to the potential at ttie electrode D, the 
negatively charged CI' ions migrate towards the positive write electrode A, 
S whereas the positively charged Na*^ ions migrate towards the negative write 
electrode D. For example, to provide a writing operation, the write electrode A 
may be grounded, whereas a negative potential, c.g. -10 V, may be applied to the 
electrode D. 

The read electrodes B and C as well as the insulators 1 and 2 prevent the ions 
10 fi-om actually reaching the write electrodes A and B, which only provide the 
electric field. As a result, as discussed above with reference to Fig. 1, the 
electrical conductivity of the composite material layer 22 increases so that electric 
currmt can pass between the read electrode B and the read electrode C. This state 
corresponds to the on state of the device 40. 

IS An erasing operation may be provided by applying between the write 
electrode A and the write electrode D an electric field having polarity opposite 
with respect to the polarity of the electric field applied to provide the writing 
operation. During the erasing operation, the device 40 is switched firom its 
conducting state (on state) to its non-conducting state ("off' state). For example, 

20 to provide the erasing operation, the write electrode A may be grounded, whereas 
a positive potential, e.g. +10 V, may be supplied to the write electrode D. 

A reading operation may be provided by measuring the impedance of the 
active layer 22 between the read electrodes B and C. To support the reading 
operation, the electrode B may be grounded, and a small negative potential, e.g. 
25 -0. 1 V may be supplied to the electrode C. 

The device 20 may be a four-terminal memory cell of a memqry device 
including a memory cell array composed of multiple memory cells arranged in 
row and column directions, wherein the electrodes A and B can form, for 
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e-mpI,.a„„»deohod«„fa«„emoryceUa„.y,»dU,edec.^C»dD 
can fcm. the coluiim electodes of the memory ceU amy. 

Fig.3schema„caUy illustrates U^cmemcy cell amy Of thepresemmvemio. 

5 "»«^-w(R5)ar«,.heseco„dcol™a(C2)i,r.,d™^«„aleak.gec«« 
ca.akofl„wby.,a^em»berofcella.Kg.3 illu^atea anexempla-ypatbto 
ae leakage o^eo, via cdb amngrf ^ ^ p^^^ ^ ^ ^ 

.he m^„^ ^„ whex.R3.iC re^vely id««i^ the ™w and eotan. 
addresses of. pa«i.^^ Sine.m.nysnchpa««.re,v.iW,l.,onlya«aB 
cell res^ee m the reverse directi™ can n^ i, in^.,,. ^ 
themfomafon stored, for emopKinaeedlarangedttnodelW^J. 

Refening to Bg. 4, the ceU resistance can U increased substantially in the 
r-ers. direction by providing contacts to ae composite layer 22 using banier 

15 '^""-cftncionsWI^.dWll.^cly.neeonduetionbandand 

™ieneeband.pasi.Pennil.,eh,ofthee«mpositema,edaI,reindiea.edinK. 4 
..sd«^yseentta.dect.«ncc.n,e,s.e.8,e,e«.^.pa.^^„^^^ 

la3«22fiomMetalnintoMet.l.Ih.vetoove„»measubstantialIy larger 
p-M^-^elect^^movingintheoppositedirecSoaSuitablemetals 
^ «"»'-"°*«-tic«Me.UIa,^forexample.Al.MaAgandln.^ereas 

lowled^geeurrentsnsingtbe composite material disclosed he«in. 

™''"^'''l«=°««and44madeofdifferen.nn>t«i.bb.vi„gdift^ 
2J """'-tio.smaybeusedasreadelectrodesforre.dinginftmadonfenna 

42 and 44. Thebamer events laving differ, 

m.pedanceofthememo,yceU.obesubs,antianydiffe,..tin.fo,™„,bia.ed 
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and reverse biased readout configuration. The writing operation, on the other 
hand, is unaiTected by the difS^ence in the work function of tiie readout 
electrodes. 

While the invention has been disclosed in connection with the preferred 
5 embodiments shown and described in detail, various modifications and 

improvements thereon become readily apparent to those skilled in the art 
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What is riaim^/l Tc- 

1 . A memory cell comprising: 

an active region including a molecular system, 
at least one write electrode for applying an electric field to the 
active region to ^vrite infomiation to the active region, and 

at least one read electrode for reading the infonnation fiom the 

active region. 



5 



2. The memory cell of claim 1. wherein the active region further 
mcludes ionic complexes distiftuted in the molecular system. 

3. Th^n^eniory cell of claim 2. wh^ein the active region has a low- 
Jmpedance state and a high-impedance state, 

4. The memory ceU of claim 3, wherein the active region is 
responsive to the applied electnc field by switching from the high-impedance 
state to the low-impedance state to write flie infomiation. 

5. The memory eel] of daim 4, wherein impedance of the active 
region is detected to read the information. 

6. The n^emory ceU of claim 5. whereb the active region is 
configured to switch to the low-impedance state when intensity of the ^Ked 
elw^tnc field of a first polarity exceeds a threshold value. 

7. The memory cell of claim 6. wherein the active region is 

configured to return to thehigh-impedance state when an electric field ofasecond 
polarity opposite wifl, respect to the first polarity is applied to die activeregion. 

8. The manory cell of claim 7. wherein flae writing electrode is 
airanged for providing the electiic field of tiie second polarity. 
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9. The memory cell of.claim 2, wherein the read electrode is provided 
in contact with the active region, 

10. The memory cell of claim 9, further con^rising an insulator 
provided between the read electrode and the write electrode. 

11. The memory cell of claim 2, wherein an ionic complex includes 
ions of Na and CL 

12. The memory cell of claim 2, wherein an ionic complex includes 
ionsofCsandCL 

13. The memory cell of claim 2, wherein tiie molecular system 
includes a quasi-one-dimensional molecular matrix. 

14. The memory cell of claim 2, wherein the molecular system 
includes a structurally and electrically anisotropic molecular matrix. 

15. The memory cell of claim 2, wherein the molecular system 
includes a polyconjugated compound. 

16. The memory cell of claim 2, wherein the molecular system 
includes aromatic molecules. 

17. The memory cell of claim 2, wherein the molecular system 
includes heterocyclic molecules. 

18. The memory cell of claim 2, wherein flie molecular system 
includes porphyrin. 

19. The memory cell of claim 2, wherein the molecular system 
includes phtalocyanines. 
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20. The memory cell of claim 2. wherein the molecular system 
mcludes anisotropic inorganic material. 

21. The memory ceU of claim 2. fbrther comprising first and second 
bamer elements ananged in contact with the active region to reduce leakage 
current. ^ 

22. The memory cell of claim 21. wherein the first barrier element is 
made of material having a first work function, and the second barrier element is 
made of material having a second work Amotion different from the first wo* 
functioiL 

23. The memory cenofclaim 22. wherem the first and second barrier 
elements are made of different metals. 



cell. 



24. A memory cell comprising: 

Srst and second write electiodes for ;^ting information to the memory 

an active region including a molecular system, and responsive to an 
electric field applied between the first and second write electrodes for s^tching 
between an on state and an off state, and 

first and second read electrodes for detecting wheflier the active region is 
mthe on state orintheoffstatetoreadtheinformation from thememoryceU. 

25. Ihe memory cell of claim 24, wherein the active region further 
compnses ionic complexes distributed in the molecular system. 

26. The memory ceD of claim 25. wherein the active region is 

configm^tohavealowimpedanceintheon^teand a high impedance in the 
Oft State. 
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27. The memory cell of claim 26, wherein the active region is 
responsive to the applied electric field of a jfirst polarity by switching firom the off 
state to the on state to provide writing the information. 

28. The memory cell of claim 27, wherein the active region is 
responsive to an electric field of a second polarity apphed between the first and 
second write electrodes by switching from the on state to the off state, to provide 
erasing the written information, the second polarity is opposite with respect to the 

5 first polarity. 

29. The m^ory cell of claim 25, wherein the active region is provided 
in electrical contact with the first and second read electrodes. 

30. The memory cell of claim 29, finther comprising a first insulating 
layer provided between the first read electrode and the first write electrode. 

31. The memory cell of claim 30, fiirther comprising a second 
insulating layer provided between the second read electrode and the second write 
electrode. 

32. A method of storing information using a storage device having an 
active region including a molecular system and ionic complexes distributed in the 
molecular Systran, the method comprising the steps of: 

applying an electric field of a first polarity between a first pair of 
5 electrodes surrounding the active region, to write information into the storage 
device, and 

detecting electrical conductivity of the active region using a second pair of 
electrodes surrounding the active region, to read the information firdm the storage 
device. 
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33. ^emethodofc]aim32.Mercon,risingthestq,ofapplyinean 
el«±ic field of a second polarity between the fcst pair of electrodes, to er^e the 
-fonnation written to the borage device, the second polarity is opposite with 
respect to the first polarity. 

34. A manon. device mcludiag . ,„ano.y ^ ^ .j,,,,^ 

comprising: 

-eluding a molecular system and iomc con3plex« 
5 distributed in the molecular system, 

fi^^^d second Write electrodes for applying an electric field to the active 
region, to wnte infonnaton to the memoiy cell, and 

fi-*-d^-ondr^elec.rodesfordetectmgelectricalcondactivityoft^^ 
active region, to read the information fiom the memoiy cell 

35. Ite memory device of claim 34. wherein the active region fiirther 
comprises ionic complexes distributed in the molecular system. 

36. The memory device of claim 35, wherein the fi.^ ^te electrode 
and the first read electrode are row electrodes of the memory cefl array. 

37. The memory device of claim 36. wherm the second write 
electrode and the second read electrode are column e^ 

38. The memory device of claim 37, fimher comprising a first 

insulating layer between the first ^te electrode and the first read electrode, 
second insulating layer between the second write electrode and the second read 
electrode. 
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39. The memory device of claim 38, wherein the first and second read 
electrodes are provided in contact with the active region. 

40. The memory device of claim 35, wherein the first and second read 
electrodes are arranged in contact with the active region to reduce leakage 
curreat 

41. The memory device of claim 40, wherein the first read electrode is 
made of material having a first work fimction, and the second read electrode is 
made of material having a second work fimction different fix>m the first work 
fimction. 

42. The memory device of claim 41, wherein the first and second read 
electrodes are made of different metals. 

43. A memory device including a memory cell airay composed of 
multiple memory cells arranged in row and column directions, each memoiy cell 
comprising: 

an active region including a molecular system, and 
5 first and second barrier elements arranged in contact with the active 

region to reduce leakage current 

44. The memory device of claim 43, wherein the active region further 
comprises ionic complexes distributed in the molecular system. 

45. The memory device of claim 43, wherdn the first barrier element 
is made of material having a first work fimction, and the second barrier element is 
made of material having a second work fimction difiTereut firom the first work 
fimction. 

46. The memory device of claim 45, wherein the first and second 
barrio elements are made of difiTereut metals. 
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47. The memory device Of Claim 45. wherdn the material Of the first 
baxner element is selected from the gro^, corunsting of Al. Mg. Ag. and m. 

48. The memory device of claim 47. wherein the material of the 
second harder element is selected from the group consisting of Au and Indiun. 
Tm-Oxrde. 

49. ^« memory device of claim 43. wherein the first and second 
bamer elements areread electrodes for readinginformation from themem^^ 

by detecting inq,edanceoftfaeactiveregion between theread electrodes 
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